) environments. We found that in a low calcium environment crawling speed is reduced, and that this coincides with an increase in cutaneous respiration, indicating that the increased metabolic demands of calcium acquisition at low [Ca 2+ ] reduce the energy available for locomotion. Conversely we found a decrease in aerial respiration in hypoxic conditions in the low calcium relative to the high calcium environment. In conclusion, we found that acute exposure to low environmental calcium has a highly significant effect on locomotion and respiration, which may have consequences for snail fitness when no morphological effects are apparent.
INTRODUCTION
Calcium availability is considered to be one of the major limiting factors affecting the distribution of many freshwater aquatic organisms including molluscs (Boycott, 1936; Macan, 1977; Okland, 1983; Briers, 2003) . Molluscs rely on calcium for growth of their shell and so are highly dependent on calcium availability for survival, demonstrating reduced growth rate, survival and reproductive output in low calcium environments (Harrison et al., 1970; Young, 1975a; Madsen, 1987; Zalizniak et al., 2009 ). In addition, in low calcium molluscs demonstrate thinning of the shell, potentially making them easier prey and more susceptible to damage (Boycott, 1936; Young, 1975a; Madsen, 1987; Lewis and Magnuson, 1999; Glass and Darby, 2009; Zalizniak et al., 2009) . In high calcium environments molluscs can demonstrate induced shell thickening in the presence of predators, potentially reducing predation mortality; however, this induced response is prevented when calcium availability is limited (Rundle et al., 2004; Czarnoleski et al., 2006) . Widespread decline of calcium has occurred in freshwater systems in North America and Europe, primarily due to leaching of calcium cations from soil in the surrounding catchment areas following prolonged exposure to acid rain (Evans et al., 2001; Huntington, 2005; Watmough et al., 2005; Keller, 2009 ). This decline is likely to impact on both the growth and survival of the species present, and may also alter species composition favouring those that tolerate low calcium environments (Jeziorski et al., 2008) .
Freshwater gastropods have historically been separated into two broad groups: (1) those considered soft-water species, that can obtain the majority of their calcium requirements from food sources and thus survive well in low calcium environments and (2) those that require at least 20mgl -1 of environmental calcium and are unable to satisfy their calcium requirements from their food, referred to as calciphiles (Boycott, 1936; Young, 1975a; Young, 1975b; Madsen, 1987) . For example Van Der Borght and Van Puymbroek demonstrated that L. stagnalis, considered a calciphile species, obtains approximately 80% of its calcium requirements from the environment rather than food sources (Van Der Borght and Van Puymbroek, 1966) . Calcium uptake from the water appears to be an active process in aquatic gastropods; for example, uptake is increased within 6h of damage to the shell in Indoplanorbis exustus (Vaidya and Nagabhushanam, 1980) . In L. stagnalis calcium uptake in high environmental calcium is thought to be due to the effect of an electrochemical gradient between the haemolymph and external [Ca 2+ ], where passive transport of calcium from the external media can occur above 20mgl -1 , whereas below this level no gradient exists, so all calcium uptake requires energy, and at 15mgl -1 Ca 2+ in the external environment net uptake of calcium is 50% of that at 40mgl -1 Ca 2+ (Greenaway, 1971) . Freshwater gastropods may experience considerable fluctuations in calcium concentration in natural conditions over the period of a year. For example in Canada the Gravenhurst-Barrie region of Ontario showed maximum fluctuations of 2.0 to 13.2mgl -1 in 'soft' water, 2.8 to 32mgl
-1 in 'medium' water environments and 46 to 100mgl -1 in 'hard' water areas (McKillop and Harrison, 1972 ). Williams found greater than 10-fold fluctuations of 6.2 to 101.0mgl -1 Ca 2+ at study sites in central Africa (Williams, 1970) and L. stagnalis populations in drainage ditches on the Somerset Levels, UK, experience 8-fold changes in [Ca 2+ ] from 23 to 185mgl -1 (S.D., unpublished). These studies used data collected every 1-3months, and give no indication of the rate of change in calcium concentration experienced by freshwater gastropods. Macan found 3-fold fluctuations of 8-30mgl
-1 in tarns in the English Lake District (Macan, 1950) , and provides the most fine-scale measurements of data available, demonstrating 2-to 3-fold declines in environmental calcium in less than 1week following periods of heavy rainfall, although daily measurements were not taken. This type of environmental fluctuation is rarely taken into account when sampling gastropod populations; however, it may have highly significant effects on the physiology of the snails.
Lymnaea stagnalis alters respiration and locomotory behaviour in response to acute environmental variation in temperature (Sidorov, 2003; Sidorov, 2005) and predator presence (Orr et al., 2007) . However, the effects of environmental calcium concentration on snail behaviour and physiology have not previously been considered. Looking back in the literature we have been struck by how the levels of calcium in the environment alter the occurrence of L. stagnalis. For example, in the McKillop and Harrison study mentioned above (McKillop and Harrison, 1972 ) only a few L. stagnalis were found in soft water environments, while in hard water locations the abundance was over 6-fold greater. There was also a lack of larger adults in the soft water locations, indicating the possibility of slower growth rates and a lack of survivorship in adult snails (McKillop and Harrison, 1972) . Piggott and Dussart also found that L. stagnalis actively select high calcium environments, independent of whether they have previously been held in high or low calcium water, and so can potentially rapidly sense the calcium content of the environment (Piggott and Dussart, 1995) .
Thus, we decided that we needed to determine whether differing levels of environmental calcium altered behaviours that we typically study in L. stagnalis. As a first step we focused our attention on both aerial and cutaneous respiration as well as speed of locomotion. We report here that acute exposure of snails to low levels (20mgl -1 ) of environmental calcium significantly altered both forms of respiration and also locomotion. These data will serve as a foundation for future experiments aimed at determining whether such low levels of environmental calcium serve as a potent stressor for the snail. ] water depending on treatment group. Snails were maintained at room temperature (20±1°C) at a stocking density of 1 snail per litre and fed romaine lettuce ad libitum. Romaine lettuce has been used as a food source to successfully rear snails at this facility for several years, and although it contains a source of calcium that the snails would be able to utilise, the calcium content is fairly low (0.36mg Ca 2+ per gram of lettuce), and previous work has suggested that L. stagnalis obtains the majority of its calcium requirements from the water (Van Der Borght and Van Puymbroek, 1966) .
MATERIALS AND METHODS

Adult
Crawling speed
Individual L. stagnalis were taken from the home aquaria and placed in a large Petri dish (14cm diameter by 2cm depth) in 200ml of oxygenated artificial pond water with 20 or 80mgl -1 Ca
2+
, equivalent to the level they had experienced in their home aquaria during the previous week, giving a depth of 15mm in the Petri dish, sufficient to fully submerge the snail. On placement of the snails into the Petri dish they generally withdrew into their shells. We did not commence measurements of their crawling speed until the snail re-emerged, when the head and tentacles were fully extended. Once the snail was fully emerged the distance moved was measured over a period of 15min; a 2cmϫ2cm grid marked on the base of the Petri dish allowed the distance crawled to be estimated by counting the number of squares each snail crossed during the 15min observation period. The mean travelling speed over 15min was then calculated in mms -1 . A total of 12 snails were observed in high calcium (80mgl -1 ) and 13 snails in low calcium (20mgl -1 ).
Aerial respiration
Lymnaea stagnalis are bimodal breathers obtaining oxygen through either cutaneous respiration (i.e. directly through the skin, see below) or aerial respiration via a lung (i.e. gas exchange with the atmosphere) (Lukowiak et al., 1996; Orr and Lukowiak, 2010) . To perform aerial respiration, the snail must surface and open its pneumostome (respiratory orifice) while contracting and relaxing the appropriate respiratory muscles. Aerial respiratory behaviour is driven by a 3-neuron CPG whose sufficiency and necessity have been demonstrated (Syed et al., 1990; Syed et al., 1992) . To increase aerial respiratory behaviour we made the pond water hypoxic (<1% O 2 saturation) by vigorously bubbling N 2 through 500ml of either high or low Ca 2+ pond water in a 1l beaker for 20min before the introduction of snails. Snails were first acclimated to the beaker for 10min, followed by a 30min breathing observation period. N 2 was gently and continuously bubbled throughout to maintain hypoxic conditions. Snails were tested in groups of 10 individuals in each beaker; this number has been found to enable a larger number of individuals to be processed at one time, without contact between individuals disrupting breathing patterns. Snails were individually labelled a minimum of 48h prior to the experiments by gluing a small number printed on waterproof paper onto the shell above the position of the pneumostome. This allowed individual snails to be easily identified during the breathing trials and also tracked in their home aquaria.
Individual aerial respiration rate was tested first in the calcium concentration in which the snail had been held for the previous week. The snail was then transferred to the alternative calcium concentration for 24h and re-tested at this new concentration. A total of 30 snails experienced the high calcium concentration first and 30 experienced the low calcium concentration first. Occasionally snails did not demonstrate aerial respiration during the course of the experiment, in which case they were excluded from analysis. This resulted in a total of 29 snails in the high to low concentration group and 28 snails in the low to high concentration group being used for data analysis.
Cutaneous respiration
As mentioned above, in addition to being able to respire by exchanging the contents of their lung with the atmosphere (i.e. aerial respiration), snails are also able to respire cutaneously. That is, dissolved gasses in the water are able to cross the skin. In eumoxic conditions (i.e. >20% O 2 saturation) cutaneous respiration predominates (Lukowiak et al., 1996) .
Respirometry was carried out to assess whether calcium concentration was altering the basic metabolic rate of L. stagnalis. Glass spice jars, 75ml volume, were used as respirometry chambers as they have an excellent seal on the lid of the jar allowing measurements to be taken in an enclosed system. This size of container allowed the snail to fully extend and move, whilst providing a small enough volume to accurately measure oxygen consumption over a relatively short period of time. A hole was drilled in the lid to allow a rubber stopper holding the electrode to be inserted into the top of the jar. A stainless steel mesh platform was formed in the jar, 1cm from the base, so that a small magnetic stirrer could be placed in the base, ensuring that water mixing was occurring throughout without disturbing the snail. Water, either low or high calcium, was aerated vigorously for a minimum of 20min to give a reading of 100% oxygen saturation prior to the start of each trial. Aeration was ceased and the respirometry chamber was fully flushed with water to make sure there were no trapped air bubbles; an individual snail was then placed in the chamber and allowed to acclimate for 10min. This period was found to be sufficient to allow all snails used to fully emerge from their shells. The oxygen consumption of each snail was then measured using a Fibox 3 oxygen meter (PreSens Precision Sensing GmbH, Regensburg, Germany) and analysed using OxyView software (PST3-V5.32 02/2004 PreSens Precision Sensing GmbH) taking oxygen readings every 15s for a further 15min; this was then adjusted to account for electrode oxygen consumption measured when no snail was present prior to analysis. Respirometry experiments were carried out at 20°C.
The oxygen consumption of each snail was initially measured in the calcium concentration in which it had been held for the previous week. Each individual was then transferred into the alternative calcium concentration for 24h and its oxygen consumption was measured at this new calcium level. A total of 30 snails were used to measure cutaneous respiration rate, with 15 experiencing high calcium and 15 experiencing low calcium conditions initially.
Statistics
Crawling speed and snail spire height of animals used were analysed as a two-sample t-test in SPSS 17.0 (SPSS Inc. Chicago, IL, USA). Aerial breathing and rate of cutaneous respiration were both analysed using repeated measures ANOVA in SPSS, and tested for equal variance using Mauchly's test for sphericity. For aerial breathing the within-subject factor was calcium level (two levels: high vs low), and between-subject factors were treatment block (three levels: 1-3) and which calcium concentration they experienced first (two levels: high vs low). The rate of oxygen consumption (average slope for each snail) was also used to compare cutaneous respiration between calcium concentrations, the within-subject factor was calcium concentration (two levels: high vs low) and between-subject comparison was which calcium concentration they experienced first (two levels: high vs low).
RESULTS
Since L. stagnalis are considered to be calciphiles (i.e. they need у20mgl -1 of environmental calcium to survive and prosper) we hypothesised that acute exposure to a low calcium environment (20mgl -1 ) for 1week would alter a number of their basic behaviours relative to snails held in a high calcium environment (80mgl -1 ). We first examined crawling speed. We found that snails maintained in aquaria containing a low concentration of environmental calcium had a significantly lower crawling speed than snails that had been maintained in aquaria with high environmental calcium ( Fig.1 ; t3.05, P0.006, d.f.22). This difference was not related to snail size as spire height (distance from the apex to the outer aperture margin) did not differ significantly between those maintained for 1week at 80mgl -1 (25.59±0.56mm) and those maintained for 1week at 20mgl -1 (25.43±0.51mm). Thus we conclude that exposure to low environmental calcium for 1week is sufficient to reduce the speed of locomotion.
As snails maintained for 1week in aquaria containing a low concentration of environmental calcium (20mgl -1 ) locomote significantly slower than those maintained in 80mgl
-1 calcium, we tested the hypothesis that there would be a significant difference in the time spent performing aerial respiration in hypoxic conditions. Snails maintained at low environmental calcium levels spent significantly less time performing aerial respiration (total breathing time over 30min) than when they were maintained in a high calcium environment ( Fig.2 ; F 1,51 5.696, P0.021). There was no effect of the order in which they experienced high or low environmental calcium (F 1,51 0.031, P0.860), nor any effect of treatment block (F 2,51 0.586, P0.560) or interaction between these factors (F 2,51 0.409, P0.667). We therefore conclude that when snails are maintained in a low calcium environment they show a reduction in both locomotion and aerial respiration.
Having shown that snails maintained in the low calcium environment have a significantly lower rate of aerial respiration we tested whether there would also be an effect of the high vs low calcium environment on cutaneous respiration. In contrast to our finding with aerial respiration, we found that the rate of oxygen consumption was significantly higher when snails were maintained in the low calcium environment than in the high calcium Fig.3; F 1,28 5 .219, P0.030) irrespective of which calcium treatment they experienced first.
environment (
DISCUSSION
Lymnaea stagnalis is a calciphile (Boycott, 1936; Young, 1975a) ; that is, this species of snail requires a minimum concentration of 20mgl -1 environmental calcium, below which it suffers from reduced growth and survival. We therefore set out to determine whether a number of important behaviours were altered by acute (1week) exposure to low environmental calcium. We found locomotion, aerial respiration and cutaneous respiration were all significantly altered by exposure to low environmental calcium.
We first found that the speed of locomotion was significantly reduced in snails exposed to low environmental calcium (20mgl -1 ) compared with snails exposed to the high (80mgl -1 ) calcium environment. Anecdotal observations expressed in a previous study (Zalizniak et al., 2009 ) are in line with our findings in that they state that another species of snail, Physa acuta, also has reduced speed in water lacking calcium. A question that has to be addressed is whether the significantly faster speed that we observed in the high calcium environment is abnormally fast for L. stagnalis. In two recent studies the speed of crawling locomotion was determined to be 0.47mms -1 on Teflon plates (Aono et al., 2008) and 0.51mms -1 on silicone plates (Miyamae et al., 2010) . The conditions in which the snails were maintained prior to both these studies had a similar calcium concentration to our high calcium environment and both produced similar crawling speeds to those found in our high calcium conditions. However, Ormshaw and Elliott obtained a considerably slower speed of locomotion (0.17-0.33mms -1 ), comparable to our results in low calcium conditions, despite maintaining their snails in a high calcium environment (80mgl -1 ) (Ormshaw and Elliott, 2006) . These authors measured locomotion using groups of 10 snails in a single chamber (Ormshaw and Elliott, 2006) ; we believe that this creates problems in measuring locomotion rate as snails will interact with one another, and this interaction 'slows' them down. Thus we conclude that the rate of locomotion we measured using L. stagnalis in the high calcium environment is not abnormally fast, and falls within the typical crawling rate for this species obtained in the laboratory when maintained in high environmental calcium. We therefore conclude that the speed we observed in the low calcium environment is significantly slower than the speed that this species is capable of achieving.
We suspect that the slower speed observed in the low calcium snails is due to the increased metabolic demands on L. stagnalis in a low calcium environment, where a greater proportion of energy is required for calcium acquisition, reducing the energy available for motility. Greenaway suggested that calcium uptake in solutions of 20mgl -1 Ca 2+ or less is against the electrochemical gradient, and therefore only active uptake is occurring (Greenaway, 1971) . Above 20mgl -1 Ca
2+
, calcium uptake is likely to occur in part via a passive electrochemical gradient, and evidence that net uptake above 40-60mgl -1 Ca 2+ plateaus suggests that the energy requirement to obtain calcium at this level of environmental concentration is diminished (Greenaway, 1971) . Consistent with this notion that snails are slower because of the increased metabolic demand imposed by the need to actively take up calcium from pond water are the data we obtained measuring cutaneous respiration. The significant increase in cutaneous respiration rate found here in low environmental calcium relative to when snails were maintained in the high calcium environment indicates an increased metabolic demand.
We did not, however, observe an increase in aerial respiration in the snails from the low calcium environment compared with those in the high calcium environment. These data appear to contradict the cutaneous respiration data and our hypothesis that the slower speed observed in the low calcium environment was due to having less energy available as a result of the demand to actively take up calcium from the environment. To explain why the snails have a significantly lower total breathing time in the low calcium compared with the high calcium environment we have to remember that in the apparatus used to measure aerial respiratory behaviour (i.e. a 1l beaker filled with 500ml of pond water) snails have ample space to move around, and our impression based on casual observation is that snails move around more in the high calcium water than in the low calcium water. Thus, the reduced time spent on aerial respiration in the low calcium environment may be accounted for by a reduction in movement decreasing oxygen demands in hypoxic conditions. Consistent with this view it must also be remembered that movement in the chambers used to measure cutaneous respiration, whilst not prevented, is limited due to the small chamber volume, giving a closer approximation to the basal metabolic rate.
The lack of an effect of the order in which snails experienced either high or low calcium environments on both cutaneous and aerial respiration, despite 7days acclimation in the first instance and only 24h in the second, suggests that the effect of calcium concentration in the environment on respiration is rapid. Data on the ability of L. stagnalis to maintain haemolymph calcium concentrations in extremely low [Ca 2+ ] suggest that this behavioural change is not due to an internal change in haemolyph [Ca 2+ ] (Greenaway, 1971; Dewith et al., 1987; Grosell and Brix, 2009 ); indeed, L. stagnalis is able to maintain haemolymph [Ca 2+ ] in the complete absence of environmental calcium for at least 10days (Dewith, 1977) . There is evidence that L. stagnalis is able to sense environmental calcium levels and orientate towards higher concentrations (Piggott and Dussart, 1995) , so it is possible that this directly controls respiratory behaviour and locomotion based on external [Ca 2+ ] rather than internal haemolymph [Ca 2+ ]. As yet, however, there is no direct evidence that L. stagnalis is able to sense [Ca 2+ ] in the external environment. Previous work has highlighted the effect of environmental calcium on growth and reproduction in aquatic gastropods, demonstrating that prolonged deficits in calcium availability can reduce fitness through reduced growth and reproductive output (Harrison et al., 1970; Young, 1975a; Madsen, 1987 al., 2009). Furthermore, reduced levels of calcium in the environment can also prevent shell thickening upon predator detection, thereby preventing gastropods from showing induced morphological defences (Rundle et al., 2004; Czarnoleski et al., 2006) . Here we have shown that even acute periods of low calcium can impact on metabolism and activity in L. stagnalis. A reduction in activity levels may reduce the ability to find food or mates, but could also potentially reduce the ability to respond to predators. Previous work has demonstrated that aquatic gastropods respond to predation threat by moving into habitat that offers greater protection, either under shelter or crawling above the water line (Turner et al., 1999; Dalesman et al., 2006) . Reduced activity levels following acute exposure to low [Ca 2+ ] may decrease the ability of L. stagnalis to respond behaviourally to predator cues, and hence increase vulnerability to predation.
Whilst there is considerable evidence that environmental calcium levels have a significant impact on aquatic gastropod distribution much of this data is based on mean levels in the environment or measurements at single time points (e.g. Boycott, 1936; Briers, 2003) . Data where multiple measurements have been taken suggest that environmental calcium can fluctuate considerably over the course of a year (Macan, 1950; Williams, 1970; McKillop and Harrison, 1972) (S.D., unpublished) . The data presented here suggest that fluctuations where calcium levels are reduced to 20mgl -1 in environments where the calcium level is normally higher, for example during times of flooding (Williams, 1970) , can have an important impact on gastropod physiology and behaviour. It is important to note at this stage that the change from high to low calcium concentration was immediate in our study, whilst in nature changes are likely to occur more gradually potentially allowing for acclimatisation to occur. Currently there are no data available indicating the rate of change from high to low calcium experienced in natural conditions, and this is likely to vary considerably between habitats, though 3-fold declines in environmental calcium have been recorded to occur within 1week following a period of heavy rainfall (Macan, 1950) .
In addition to fluctuations over short time scales there is considerable evidence that environmental calcium is declining in freshwater systems in North America and Europe. A 35% decline in environmental calcium available in some freshwater systems has occurred over the past 2 decades (Jeziorski et al., 2008; Keller, 2009 ). Exposure to acid rain has leached available calcium cations, normally present in the soil, from many watersheds and despite significant declines in acidity, calcium levels have yet to recover, leading to low calcium input from runoff into freshwater habitats (Watmough et al., 2005; Keller, 2009 ). In addition to this, a warming climate may lead to increased growth rates of trees and a tendency for coniferous species to be replaced by deciduous species, both of which are predicted to increase the depletion rate of available calcium from soils (Huntington, 2005) . Long term depletion of environmental calcium is likely to result in aquatic gastropod populations experiencing longer or more frequent exposure to a low calcium environment when fluctuations occur. Where levels are normally lower there may be the potential for local adaptation to reduced [Ca 2+ ] as found in Daphnia galeata (Rukke, 2002) . As yet there is no evidence for this type of local adaptation in aquatic gastropods, though natural variation in physiological responses to environmental calcium concentration does appear to exist (Hunter and Lull, 1977; Dussart and Kay, 1980) . Work with laboratory reared animals where the environmental conditions are closely controlled is required to assess whether these differences are indeed due to genetic races.
